In this paper, we provide an analytic expression for an adjustment factor in ablation algorithms for photorefractive laser surgery which take into account reflection losses and the nonnormal incidence on the cornea. We evaluate the influence of this factor on certain ocular parameters, calculating alterations in the radius of anterior cornea and corneal asphericity when we use the algorithm given by Munnerlyn's paraxial formula. Our data indicate that this adjustment factor should be considered in the ablation algorithms that are currently being proposed in customized corneal ablation and that need great accuracy for the correction of eye aberrations.
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Refractive surgery is currently evolving towards customized corneal ablation in which an attempt is made to minimize eye aberrations. 1 This demands high precision in the ablation algorithms. Two important aspects in photorefractive laser surgery are reflection losses in the cornea and nonnormal incidence on the cornea when the laser beam is moved vertically parallel to the optical axis of the cornea. In the literature, only one recent work 2 analyzes these effects, and thus it would be useful to broaden this study by proposing an analytical equation for these phenomena, and furthermore to extend the study to considering the asphericity of the anterior cornea. In this work, we provide an equation ͑adjust-ment factor͒ that takes into consideration the two phenomena and we also evaluate whether its impact on certain ocular parameters is significant, determining the power and the p-factor ͑a parameter that quantifies the corneal asphericity͒ of the post-surgical cornea. We must take into account that variations in these ocular parameters may affect important visual parameters, such as contrast sensitivity and effective visual acuity. 3 In the laser technology of refractive surgery, the ArFexcimer laser, ϭ193 nm, is widely used. The refractive index of the stroma for this wavelength is 4 nϭ1.52 ͑the attenuation coefficient is considered negligible͒. The stroma is the corneal layer on which the laser ablation is performed when the most widespread technique in refractive surgery, laser in-situ keratomileusis, is used. Photoablation of corneal tissue during laser surgery is approximated by Lambert-Beer's law:
where d p is the ablation depth per pulse, m is the slope efficiency of the ablation, F 0 is the incident exposure of the laser ͑energy per illuminated area͒ pulse, and F th is the threshold exposure for the ablation. When the ablation is performed outside the optical axis, the illuminated area of the cornea changes due to the nonnormal incidence and, therefore, to the incident exposure. This effect can be quantified, assuming the cosine law for the variation of the incident exposure of the laser. 5 This law takes into account the geometric information concerning the incidence on the cornea. Thus, the exposure received at one point of the cornea (F ␣ ͒ as a function of the incident exposure of the laser (F 0 ) is
where ␣ is the angle that forms the incident laser beam and the normal vector to the corneal surface. To determine F ␣ , we will take corneal asphericity into account, assuming that the geometry of the cornea obeys the equation of a conicoid, an equation widely used in visual optics:
where R is the radius of curvature and p represents the p-factor asphericity parameter, with the z-axis being the optical axis and x, y being the spatial coordinates. The normal vector N at one point (x,y,z) of the cornea is calculated as follows:
Carrying out operations and using Eq. ͑3͒, we get
With regard to the reflection losses using the Fresnel equations, 5 and assuming nonpolarized light, 2, 6 we can determine the reflectivity, R , as a function of cos ␣ from the expression R ϭ 1 2 ͫͩ with aϭ1/ln(F 0 /F th ). This constant depends on the specific laser used and, on average, it ranges 2 from 0.62 to 1.142. To express the adjustment factor as a function of y ͑the distance from the optic axis͒, we will consider revolution geometry (xϭ0) and, in Eqs. ͑5͒-͑9͒, substitute the following expression obtained from Eq. ͑3͒:
.
͑10͒
The analytical expression for the adjustment factor is complex, although a more simplified analytical expression could be formulated if we carry out a series expansion in the variable y/R up to order 4 (y/RϽ1), this order being necessary when we assume corneal asphericity. 7 For example, performing the series expansion in Eq. ͑10͒, we get
͑11͒
In this equation, if the expansion were up to order 2, there would be no information on asphericity. With the series expansion in Eq. ͑9͒, the adjustment factor for ablation algorithms is ͑a,y,R,p ͒Х͑ 1Ϫ0.0435a ͒Ϫ ay 
͑12͒
This equation indicates how the adjustment factor depends on corneal radius and asphericity, laser exposure, and the incidence height. The correction factor may be significant; for example, for a height of yϭ2 mm, Rϭ7.7 mm, and pϭ0.74, the adjustment factor is 5% for aϭ0.62 and 9% for aϭ1.14. If we calculated numerically the exact adjustment factor, we would get 4.9% for aϭ0.62 and 9.1% for a ϭ1.14, the differences being negligible with respect to the situation in which the adjustment factor is calculated with the series expansion.
An important issue is to evaluate the effect of this adjustment factor on ocular parameters. This may be seen by studying how the corneal radius ͑power͒ and asphericity are altered, considering Eq. ͑12͒ for a particular algorithm. To evaluate the influence of Eq. ͑12͒ we will use for the ablation depth Munnerlyn's paraxial formula, denoted by z(y), an algorithm used in practice:
where D is the number of diopters to correct and d is the ablation diameter. The ablation diameter is usually given in millimeters. When Eq. ͑13͒ is applied to the anterior cornea that fits the conicoid model, the resulting cornea does not obey the conicoid equation, but rather slightly diverges. In this case, it is necessary to know, if we apply Eq. ͑13͒ on a cornea with parameters R and p, what the closest or most representative RЈ and pЈ would be after surgery, that is, the parameters RЈ and pЈ that would be detected, for example, by a corneal topographer. These values can be determined from a minimum-square analysis. If we initially have a cornea with p and R parameters, then the anterior cornea after surgery, considering the adjustment factor and the paraxial formula of Munnerlyn, denoted by zЈ(y), verifies the equation
Now, we seek to find the conicoid which is mathematically closest to zЈ(y). This conicoid ͓denoted by zЉ(y)͔ would be shifted along the optical axis by a constant value z 0 due to the ablation, and it would be given by
The parameters corresponding to conicoid zЉ(y) can be determined by minimizing the following function f (z 0 ,RЈ,pЈ):
dy. ͑16͒
The conicoid parameters that we seek ͑z min , p min Ј , R min Ј ͒ are found by solving the following equations:
After computing and making a series expansion up to order 4 in all the integrand terms, we get
Equations ͑18a͒-͑18c͒ give the values of R min Ј and p min Ј expected after surgery, by using Munnerlyn's paraxial formula and considering nonnormal incidence as well as reflection losses. When only Munnerlyn's ͑Mun͒ paraxial formula is used, the values of the radius, R Mun Ј , and the shift of the conicoid, z Mun , after surgery are known, 1 while the p-factor after surgery (p Mun Ј ) has recently been provided:
Next, to ascertain the exact influence of reflection losses and incidence out of the optical axis, we must subtract the values from Eq. ͑19͒ to Eqs. ͑18a͒-͑18c͒, thus getting ⌬z, ⌬(1/RЈ), ⌬pЈ:
The influence of the two factors studied can be evaluated numerically. For average initial values Rϭ7.7 mm, p ϭ0.74, dϭ7 mm, and DϭϪ5, the corneal power difference is 0.2D for aϭ0.62 and 0.4D for aϭ1.14, while ⌬ pЈ ϭ0.04 and 0.08, respectively. This is a significant difference for both the power 3 and corneal asphericity. 7 For example, considering a pupil diameter of 4 mm, a difference of 0.25D diminishes the effective visual acuity, due to a loss of spatial sensitivity, to roughly 22 cycles per degree. 3 These differences increase with the degree of myopia, and thus if Dϭ Ϫ8, the power difference is 0.3D for aϭ0.62 and 0.5D for aϭ1.14, whereas ⌬pЈϭ0.07 and 0.13, respectively. We believe that the effects of the reflection losses and nonnormal incidence of the laser, given by the adjustment factor shown in Eq. ͑12͒, are significant and should be taken into consideration in customized ablation algorithms that need a high degree of precision for the correction of eye aberrations.
